In this paper, an Electric-drive-reconstructed onboard converter (EDROC) based on a switching network in the DC side is proposed. The system can utilize the existing hardware of electric vehicles and does not need extra equipment. When the EDROC connects to the power grid through the power outlet at the office or home, there is not any additional equipment (filter or relay) on the AC side. Compare with traditional EDROC, the proposed novel EDROC has advantages in cost and volume. The EDROC can realize the unity power factor in the charging mode and discharges to drive the motor in the driving mode. A proof-of-concept prototype has been built to verify the charging function and driving function of the proposed EDROC.
I. INTRODUCTION
With the depletion of fossil fuel, electric vehicles are gaining popularity. Owing to cleanliness and environmental protection, plug-in electric vehicle (PEV) sales will be expected to grow in the future [1] . The electrical drive system and charging system in PEV will replace the conventional drive system of the internal combustion engine (ICE) because the electric drive can achieve zero emissions [2] - [4] . Usually, the PEV is consisted of the charging system and the drive system, independently. The charging system is an important part of the electric drive, which contains two stages bi-directional converters [5] , [6] . The drive system contains motor and driver circuit. The system has large size and high cost.
The electric-drive-reconstructed onboard converter (EDROC) has been proposed to reduce the size and increase the power density by integrating the drive system and charging system in PEV [7] . So the converter can operate in drive mode or charging mode, independently. Meanwhile, the EDROC can be classified as three types based on the number of converters [8] : the composite converter system, the double-stage converter system, and the single-stage converter system. There are multiple motors and multiple power The associate editor coordinating the review of this manuscript and approving it for publication was Madhav Manjrekar. converters in the composite converter system, and the system is often applied to the four-wheel-drive EV or a series hybrid electric vehicle [9] , [10] ; Composite converter system is not suitable for a single-motor EV such as PEV. Owing to only one motor is needed, the double-stage converter system and the single-stage converter system can be applied to most types of electric vehicles. The double-stage converter system is usually applied to three-phase fast charging. It has more components than the single-stage converter system, so the single-stage converter system has advantages in terms of cost and size.
Generally, the EDROC uses the motor windings as inductors in the charging mode. However, the conventional motor in PEV is the permanent magnet synchronous motor(PMSM) [11] , [12] , which is not conducive to reconfiguring the converter as a charger. Some specially designed motors are used as charger in [14] - [20] . The EDROC with a split-winding AC motor has been proposed in [14] - [16] . In the charging mode, the motor winding and 3 H-bridge inverters are reconfigured as two 3-phase boost converters sharing a DC bus. The AC power supply connected to the middle point of the stator winding. This converter is complicated as it must control three independent currents in the driving mode. The motor with two sets of three-phase windings is used in [17] , [18] . In the driving mode, the motor work as a three-phase motor; In the charging mode, the motor work as a transformer. The other EDROCs with specially designed motors are connected AC source to the neutral point of the motor in [19] , [20] . However, the specially designed motors are more complicated than conventional traction motors, and additional terminals need insulation protection.
Consider the conventional electric motor of PEV, the EDROC with AC additional equipment is proposed and studied in [21] , [22] . The additional equipment can be onboard without especially insulation protection. However, the system adds an uncontrolled rectifier unit or relay, the additional equipment takes up extra space.
In the paper, a novel and simple electric-drivereconstructed onboard converter is proposed. The proposed converter utilizes the conventional motor of PEV and is reconstructed by a switching network. The topology circuit of the proposed converter can be onboard without additional AC inductor. The proposed converter can directly utilize the socket power outlet at the office or home. The system can utilize the existing drive system without specially designed, and it has the advantages of simple structure and low cost. The performance of the propose EDROC is verified through simulation and experimental results.
II. TOPOLOGY AND ANALYSIS OF ELECTRIC-DRIVE-RECONSTRUCTED CONVERTER
The proposed electric-drive-reconstructed onboard converter in PEV is realized by connecting an auxiliary circuit between battery and traction hardware, as shown in FIGURE 1. The auxiliary circuit and the inverter of traction hardware form a switching network to reconstruct converter. And the proposed control method is applicable for any traction hardware with the three-phase inverter, and there is no need specially designed motor. The converter only uses a singlephase power supply without additional equipment such as inductance or relay at the AC side. The system has two working modes, which are charging mode and driver mode.
A. CHARGING MODE
During the charging mode, the switches S 3 -S 8 are enabled. The switches S 1 and S 2 are disabled. The switching states are divided into eight states, as shown in FIGURE 2. When the grid voltage is positive, the system work in states I -IV. When the grid voltage is negative, the system work in states V -VIII.
In states I, the switch S 7 is turned off, and the switch S 8 is turned on; The switches S 4 and S 5 are turned on and switches S 3 and S 6 are turned off. The current flows back to the grid through switch S 8 , as shown in FIGURE 2(a). The state equation of the system can be written as
where V in is input voltages of AC side; V B is battery voltages; i I La , i I Lb , and i I Lc is the inductive current of the three-phase motor in state I, respectively. L s is stator inductance.
In states I, inductor L b stores energy; the inductor L c discharge the stored energy to the battery by the switch S 5 .
In states II, the switches S 3 , S 6, and S 8 are turned on, and the switch S 4 , S 5 , and S 7 are turned off; as shown in FIGURE 2(b). The state equation can be expressed as
In states II, the inductor L b is discharged the stored energy to the battery by the switch S 3 ; inductor L c stores energy.
In states III, the switches S 4 , S 6, and S 8 are turned on, and the switches S 3 , S 5 and S 7 are turned off as shown in FIGURE 2(c). The state equation can be expressed as
In states III, L a , L b and L c store energy from AC line voltage.
In states IV, the switches S 3 , S 5, and S 8 are turned on, and the switches S 4 , S 6 and S 7 are turned off as shown in FIGURE 2(d). The state equation can be expressed as
In states IV, L a , L b, and L c discharged by the switches S 3 and S 5 to charge the battery, three-phase inductor releases the stored energy. As shown in FIGURE 2(e-g), in states V-VIII, similar to states I-IV, the states equations can be get:
During the grid voltage is positive, the proposed converter has two ways of working operation, according to the duty cycle(D) of switch S4&S6. When 0 < D < 0.5, the circuit operation has a switching sequence of states Istates III -states II -states III -states I. When 0.5 < D < 1, the switching sequence changes to states I -states IVstates II -states IV -states I. During the grid voltage is negative, the working operation is similar that in positive grid voltage.
From equation (1)- (8), according to the volt-second balance, the relationship between the input voltage and the output voltage can be get:
where G is the voltage gain; V m is the amplitude of input voltage. m is the modulation index of the inverter.
B. DRIVING MODE
During the driving mode, the switches S 1 -S 6 are enabled; the switches S 7 and S 8 are disabled. The converter can work in eight vector states of PMSM similar traditional SVPWM control method, as shown in FIGURE 3 .
The proposed converter can be controlled PMSM by SVPWM [23] - [25] . The state equation and produced electromagnetic torque of PMSM in the d-q frame is expressed as follows:
where R s is the stator resistance; i d and i q are d-axes stator currents and q-axes stator currents respectively; ψ d and ψ q are the permanent magnet flux linkage in d-axes and q-axes, respectively.
III. CONTROL STRATEGY OF THE PROPOSED EDROC
The proposed EDROC can work in charging mode or driving mode. Two operating modes adapt different control strategies. Due to the charging mode and the driving mode cannot work at the same time, these two control strategies are independent. During the charging mode, the goal of the control strategy is to achieve unity power factor, reduce the current ripple, and regulate the charging voltage or current of the battery. During the driving mode, the goal of the control strategy is to output stable torque and speed.
A. CHARGING OPERATION WITH INTERLEAVING CONTROL
To reduce the current ripple, the proposed EDROC uses the interleaving control method. The proposed converter can be equivalent to two boost interleaved phases that are driven with 180-degree phase shift. The input current is the sum of the two inductive currents in L b and L c .
From (9) , the steady-state equation of input current can be get:
where R L is the load resistor. According to equations (1)-(8), the input current ripple with interleaving control can be written as:
where f s is switching frequency. From equations (11)- (12) , the ratio of the current ripple to current amplitude with interleaving operation can be written as:
Both I b and I c have the same amplitude, but they are out of phase. And the expression can be written as:
The effectiveness of ripple cancellation can be expressed as normalized current ripple γ (D), can be written as
As shown in FIGURE 4, the effectiveness of ripple suppression can be represented in the traditional interleaved converter and the proposed converter. The proposed EDROC inherits the essential characteristics of the traditional interleaved converter, such as the current ripple is completely eliminated at D=0.5. Meanwhile, the current ripple of the proposed converter is only half that of the traditional interleaved converter at D < 0.5. The current ripple of the proposed converter is less than the ripple of the traditional interleaved converter at D > 0.5. The harmonic suppression ability of the proposed converter is better than that of the traditional interleaved converter.
B. CONTROL STRATEGY IN CHARGING MODE
During the charging mode, the control strategy is proposed which can achieve the unity power factor and adjusting the charging voltage of the battery. The proposed controller is composed of two closed loops include the input current inner loop and the outer voltage loop, as shown in FIGURE 5. The current inner loop realizes the unit power factor by the phase-locked loop so that the input current phase follows the grid voltage. The voltage outer loop adjusts the input current amplitude corresponding to the charging voltage of the battery.
When the grid voltage is positive, the switch S 7 is turned off, and the switch S 8 is turned on. The switches S 4 and S 6 are controlled by two drive signals of 180-degree phase shift, respectively. The converter works in interleaving control mode, the switches S 3 and S 5 work in synchronous rectification. When the grid voltage is negative, the working operation is similar that in positive grid voltage
C. CONTROL STRATEGY IN DRIVING MODE
During the driving mode, the switches S 1 -S 6 are enabled and controlled by SVPWM., the control block diagram as shown in FIGURE 6 . The q-axis reference current of the stator is the output of speed closed-loop. The d-axis reference current of the stator is zero. The more detail vector control method for PMSM can refer to [23] .
IV. SIMULATION AND EXPERIMENTAL RESULTS
A. SIMULATIONS RESULTS FIGURE 7 shows the input current and the total harmonic distortion (THD) of the proposed EDROC and the other existing EDROCs. From the simulation results, the max ratio of input current is σ max =1.6% and the THD is 3.86% for the proposed EDROC; The ratio is σ max = 2.6% and the THD is 4.95% for the [13] ; For the EDROCs in [19] , [21] , the ratios are σ max =7.7%, THD = 3.96% and σ max = 12.9%, THD = 6.15%, respectively.
The proposed EDROC has a good suppression effect on the ripple of the input current. Compared with [18] , [21] , the proposed control method significantly reduces the current THD. Under the same conditions, the input current ripple of the proposed EDROC is equivalent to the scheme using a specially designed motor in [19] . Meanwhile, the proposed EDROC simplifies the structure of the existing EDROC.
B. EXPERIMENTAL RESULTS
To verify the proposed topology and control method, a workbench is built, as shown in FIGURE 8. The power switches use the eight identical SIC MOSFET which needs to meet the technical specifications of both the charging system and the driving system. The nominal voltage is 110V. The maximum power of the system can reach 300 watts. The parameters in the experiment as shown in Table 1 . FIGURE 9 shows the dynamic performance of the motor speed from 100 r/min to 400 r/min in the driving mode. The vector control method makes the motor speed follow the reference speed quickly. FIGURE 10 shows the input voltage waveform and the input current waveform at the power of 75 watts in charging mode. The system can achieve unity power factor. The energy between L b and L c is evenly distributed, and there is no circulation between the three-phase inductors. According to equation (10), the total electromagnetic torque generated by the PMSM is zero. FIGURE 12 shows the inductive ripples current of L a , L b , and L c , the current ripple of I b and I c have 180-degree phase shift. The current ripple of I a is the sum that of the I b and I c . The current ripple of I a is significantly reduced compared with I b and I c . The experimental waveforms verify the theoretical analysis of the interleaving control method in the charging mode.
C. COMPARISON ANALYSIS
The proposed EDROC is developed from the existing EDROC. The proposed EDROC compared with other EDROCs, as shown in Table 2 . The EDROCs in [14] , [19] , and [28] need one or two specially designed motors, which have low THD in charging mode. However, the specially designed motors increase system cost. The EDROCs in [21] and [27] need additional equipment in the AC side. Due to use the additional equipment is power switches, the EDROC in [21] has advantages in cost and size. However, the motor is not fully utilized in [21] , and its THD is higher than the other EDROCs. The EDROCs in [19] , [27] use additional equipment such as relays on the AC side which adding extra size. The proposed EDROC achieves a lower THD by a suitable control method. And the proposed EDROC does not use a specially designed motor or additional equipment, so it has size and cost advantages.
V. CONCLUSION
In the paper, an Electric-drive-reconstructed onboard converter is proposed for PEVs. The proposed reconstructed converter is simple without specially designed motor or ac additional equipment. The proposed converter is modified from the three-phase motor drive converter. It only needs a set of auxiliary switches in the DC side. The proposed EDROC can be connected to the power outlet at the office or home without extra power supply equipment. The system can reduce the ripple by using interleaving control. The effect of ripple suppression is better than that of the traditional converter. Compared with the existing EDROCs, the proposed EDROC has some advantages include small size and low cost. The proposed EDROC is verified through workbench, the functions of motor drive and charger are realized. SHUO 
